† Background and Aims Vigna caracalla has the most complex flower among asymmetrical Papilionoideae. The objective of this study was to understand the relationships among floral characteristics, specialization, mating system and the role of floral visitors under different ecological contexts. † Methods Five populations were studied in north-western Argentina, from 700 to 1570 m a.s.l. Anthesis, colour and odour patterns, stigmatic receptivity, visitors and pollination mechanism were examined and mating-system experiments were performed. † Key Results The petals are highly modified and the keel shows 3 . 75-5 . 25 revolutions. The sense of asymmetry was always left-handed. Hand-crosses showed that V. caracalla is self-compatible, but depends on pollinators to set seeds. Hand-crossed fruits were more successful than hand-selfed ones, with the exception of the site at the highest elevation. Bombus morio (queens and workers), Centris bicolor, Eufriesea mariana and Xylocopa eximia trigger the pollination mechanism (a 'brush type'). The greatest level of self-compatibility and autonomous selfpollination were found at the highest elevation, together with the lowest reproductive success and number of pollinators (B. morio workers only). † Conclusions Self-fertilization may have evolved in the peripheral population at the highest site of V. caracalla because of the benefits of reproductive assurance under reduced pollinator diversity.
INTRODUCTION
Plants in the Papilionoideae (Fabaceae) present complex flowers. The petals are modified into a vexillum, wings and keel, with the reproductive structures being enclosed by the keel. The typical papilionoid flower has a zygomorphic symmetry, but there is a group of non-related taxa, among them Phaseoleae (in part), Robinieae and Fabeae (Yeo, 1993) , whose flowers diverge from the 'flag blossom' pattern and are asymmetric. These flowers are strongly transformed and complex. For example, some species within the tribe Phaseoleae have highly modified petals with co-adaptive assemblages between the wings and keel, and a narrow pipe-like rostrum extending from the keel that causes it to coil (Einsiedel, 1976) . Because of the elaborate architecture of Papilionoideae flowers, the application and reception of pollen are achieved only through very specialized mechanisms (Delpino, 1868/9 , reviewed in Westerkamp, 1997) . The most common mechanism of pollination within the family is known as a 'brush type' (Lavin and Delgado, 1990; Yeo, 1993) , in which the stigma and the pollen-laden stylar brush emerge from the keel in response to the insect's flower handling.
Whereas the reproductive biology, floral morphology and pollination biology of Papilionoideae plants with zygomorphic flowers are well studied, little is known about these aspects in plants with asymmetric flowers. It has been proposed that asymmetric flowers are effective and precise in pollen placement and retrieval on the body of pollinators Westerkamp, 1993; Etcheverry et al., 1998 Etcheverry et al., , 1999 Etcheverry et al., , 2001 Amela García, 1998, 1999) . Westerkamp (1997) suggested that the very specific sites for pollen deposition would prevent or minimize interspecific pollination and pollen loss by insect grooming. With respect to the breeding system of asymmetrical Papilionoideae, it has been reported that they are predominantly autogamous or even cleistogamous, probably as a consequence of their complicated morphology, for example Macroptilium panduratum (Etcheverry et al., 2001) ; Vigna minima (Gopinathan and Babu, 1987) and Macroptilium fraternum (Drewes and Hoc, 2000) . There are other species of asymmetrical Papilionoideae that are xenogamous or facultatively xenogamous, such as Phaseolus coccineus (Búrquez and Sarukhán, 1984) , Macroptilium bracteatum , Macroptilium lathyroides (Etcheverry et al., 1998) , Macroptilium erythroloma (Etcheverry et al., 1999) and Phaseolus vulgaris var. aborigeneus (Hoc and Amela García, 1999) , and even obligately xenogamous, such as Phaseolus augustii (Hoc and Amela García, 1998) . However, there is a lack of information about the reproductive biology and floral visitors of most Papilionoideae species with asymmetrical flowers. Within this group, Vigna caracalla (subgen. Cochliasanthus) is considered to be the species with the most complex flowers (Lindman, 1902; Troll, 1951) . It has been speculated that the extreme complexity of V. caracalla may lead to a total loss of functionality of the flower, requiring that it be completely autogamous (Faegri and van der Pijl, 1979) . Empirical data are needed to determine (1) if V. caracalla still outcrosses despite the complexity of its flowers, (2) if pollinators are available in natural populations, and (3) how pollinators manipulate the flowers in order to access floral rewards.
Moreover, multipopulational studies on the reproductive biology of V. caracalla are required in order to understand the variability and relationships among floral morphology, mating system and floral visitors under different ecological contexts. Based on the geographic mosaic theory (Thompson, 1994 (Thompson, , 1997 , plant-pollinator interactions may be expected to vary among populations, generating a complex pattern of differential adaptation. For example, Fausto et al. (2001) found variation in plant and flower densities, pollinator densities and pollinator visitation rates among populations of Clarkia xantiana (Onagraceae). Herrera et al. (2001) studied the geographic variation in autonomous self-pollination levels in Helleborus foetidus (Ranunculaceae), showing that it was lowest in regions with the lowest pollinator service. Silva-Montellano and Eguiarte (2003) reported a latitudinal pattern in floral traits, abundance of pollinators and fecundity of Agave lechuguilla (Agavaceae). In Papilionoideae, Búrquez and Sarukhán (1980) showed that the highest-elevation population of Phaseolus coccineus was exclusively hummingbirdpollinated, while in the lower-elevation populations the pollinators were hummigbirds and bumblebees. They also reported differences in floral colours, floral phenology and nectar offer. Given its broad distribution, V. caracalla is an excellent system to study plant-pollinator interactions in a geographic context.
In this study, an analysis and comparison was made of (1) the morphological traits, (2) the pollination mechanism, (3) pollinator assemblage, and (4) the mating system of Vigna caracalla through an altitudinal gradient in north-western Argentina. It was expected that the highest ( peripheral) population would exhibit a tendency towards autogamy because pollinators and/or mates are scarce (Jain, 1976; Wyatt, 1986; Busch, 2005) .
MATERIALS AND METHODS

Study species
Vigna caracalla (L.) Verdc. is a tuberous, winding, perennial plant native to South America (Brazil, Bolivia, Paraguay, Argentina, Peru, Ecuador and Colombia) and Central America (Guatemala, Nicaragua, Costa Rica, Mexico and Panama; Maréchal et al., 1978) . The plant is widely cultivated as an ornamental species (Piper, 1926; Burkart, 1943) and may be used for forage (Fernández et al., 1988) .
Vigna caracalla flowers are the largest among the American Phaseolinae (Lackey, 1983) and are arranged in axillary pendent inflorescences with acropetal maturation. They are compound racemes of 4 -21 modified simple racemes ('pseudoracemes', Tucker, 1987) . Each simple raceme has a contracted rachis with two (rarely three) flowers. The other floral buds degenerate in early stages of development and transform into an extra-floral nectary with a swollen aspect (Etcheverry, 2006) .
Study sites
Five populations of V. caracalla were studied in the provinces of Salta and Jujuy, Argentina. The populations are distributed over an elevation gradient of 870 m (700 -1570 m a.s.l.; Table 1 ). Four of the population sites (Campo Quijano, La Caldera, Vaqueros and Calilegua) are located in an Eastern Andes seasonal rainforest (Yungas), whereas the fifth site (Betania) is located in a dry forest (Chaco) that includes small trees, thorn shrubs, cacti, herbs, epiphytes and vines (Cabrera, 1971) . Voucher specimens are deposited in the Museo de la Facultad de Ciencias Naturales de la Universidad Nacional de Salta (MCNS). Campo Quijano is the highest and most western population, and is peripheral for the distribution of the species in the region studied (L. Novara, University of Salta, Argentina, pers. comm.).
Fieldwork was carried out from January through to the end of March (rainy season) for five consecutive years (2001 to 2005) . 
Floral traits
Floral growth of ten selected individuals was monitored in the Vaqueros population during January 2000. Twenty flower buds were marked on each plant and observed twice a day until they opened.
Floral morphology was studied with fresh flowers using a dissecting microscope and an environmental scanning electronic microscope (Philips XL30 ESEM). Twenty-five randomly selected flowers were analysed from eight-to-ten different plants in each population. For these flowers, the number of revolutions of the keel from the starting point of turning to its tip were counted and measurements were made of the length of the pedicel, the corolla and the nectary depth. The fresh colour of petals was recorded using a Munsell chart (Munsell Color, 1977) .
For histological studies, flowers from the Vaqueros population were fixed in FAA, dehydrated through an ethyl alcohol/xylol series, and embedded in paraffin. Cross-and longitudinal sections were stained with safranin and fast-green.
For purposes of this work, the left and right sides of the flower were described from the point of view of the floral visitors. Drawings of fresh flowers were made using a camera lucida.
Stigmatic receptivity throughout anthesis was determined by using hydrogen peroxide (Kearns and Inouye, 1993) .
The location of scent emission was determined by staining intact flowers with an aqueous solution of neutral red:water (1 : 1000) for 5 h (Kearns and Inouye, 1993) . In addition, floral parts were separated and put into small glass containers with snap fasteners, which were presented to ten volunteers to detect their odour.
Visitors
Throughout the 5-year study, flower visitors were collected and identified in all populations. Vouchers are deposited at the Museo de Ciencias Naturales Bernardino Rivadavia, Buenos Aires, Argentina (MACN). Measurements of body and proboscis length were taken using a digital caliper. The foraging behaviour of visitors was analysed by photography and video recording. For each population an estimate was made of the number of visits per flower per observation period ( pollinator visitation rate) during one year, as follows : La Caldera, 2001; Vaqueros, 2002; Campo Quijano, 2003; Betania, 2004; and Calilegua, 2005 . Flowers were observed for periods of 15 min, from 0700 h to 1900 h, totalling ten to 12 observation-hours per site (overall total ¼ 54 h). All observations were made from a fixed location from which 23-44 flowers could be monitored. The duration of each flower visit was recorded at the Vaqueros site.
An index of proportional similarity (PSI; Feinsinger, 2004) was calculated in order to compare the proportion of pollinators among all populations. The index takes values between 1 and 0; when PSI ¼ 1 a pair of populations is similar in composition and proportion of pollinator species. The PSI values obtained were correlated with geographic distances between populations.
Pollen carried externally by floral visitors was identified using the techniques of Buchmann and Shipman (1990) and Genise et al. (1990) . In species where pollen of V. caracalla was present, a quantification was made using a hemocytometer (Kearns and Inouye, 1993) . For each pollinator species, eight-to-ten bees were examined. Pollinators were distinguished from nectar-or pollen robbers by their behaviour, and by the presence of V. caracalla pollen on body sites where the stigma makes contact (see Dafni, 1992) .
Pollinator efficiency
In order to assess pollinator efficiency of the main pollinators, the procedure described by Herrera (1987) was followed. For the Vaqueros population, 20 inflorescences were bagged with nylon mesh. These exclosures precluded access of all floral visitors, as demonstrated by frequent checks. Every few days from mid-January to February 2005, one of the bags was removed and the enclosed inflorescence was watched at close range. Bombus morio workers or Xylocopa eximia coming to flowers were allowed to visit 1 -2 individual flowers, and were then chased away. The visited flower was immediately removed and placed in a glass vial; separate vials were used for each pollinator. The collected flowers were dissected individually, the style was removed and the number of pollen grains on stigmas was counted under a microscope.
Mating system
Assessment of the mating system involved ten randomly selected plants in each population (see Table 4 for the number of flowers used in each treatment). The treatments were as follows: (1) free pollination (control) -flowers were exposed to the natural agents of pollination; (2) autonomous self-pollination -buds were bagged throughout their flowering period; (3) hand self-pollination -bagged buds were self-pollinated by hand immediately after anthesis; (4) apomixis -anthers of bagged buds were clipped; and (5) outcrossing by hand -bagged flowers were emasculated the day before anthesis and pollinated with pollen of recently opened flowers of other individuals (50 -100 m away). Prior to pollen deposition the stigmatic surface was rubbed with a brush in order to release stigmatic fluids. The number of fruits was recorded after 1 week and fruit set was estimated as the proportion of flowers setting fruits. For each population, a selfcompatibility index (SCI) was estimated as the ratio between fruit set obtained by hand self-pollination and that obtained by cross-pollination by hand. When SCI was ,0 . 2, the population was considered to be selfincompatible (Bawa, 1974; Arroyo and Uslar, 1993) .
Fruit and seed production, and relative reproductive success Fruit set and seed set were estimated on entire inflorescences under natural pollination that were not used for any of the pollination treatments above. Fruit set is here defined as the proportion of flowers that developed into fruits in each inflorescence. Seed set is defined as the proportion of ovules that developed into seeds in all the mature pods within an inflorescence; this assessment was possible because of the linear arrangement of the ovules in the ovary. The relative reproductive success (RRS) of an inflorescence was calculated by multiplying fruit set by seed set (Kasagi and Kudo, 2003) . For each population, 35 randomly selected inflorescences were analysed from different plants.
Data analysis
The results were analysed using SYSTAT (1992) for Windows. Chi-square tests were performed in order to compare the frequencies of developed and aborted fruits between mating-system treatments. Flowers, fruits and seed traits were compared by one-way analysis of variance (ANOVA). A non-parametric method (Kruskal-Wallis) was used when the assumptions required for parametric methods were not met (Sokal and Rohlf, 1995) .
RESULTS
Floral morphology
The flower of Vigna caracalla (Fig. 1) is markedly asymmetric except for the calyx, which is zygomorphic. The total length of flowers and pedicels varied between 4 -7 cm and 5 -15 mm, respectively.
Calyx. The calyx has a tubular form and tightly encloses the petal bases, avoiding disarticulation during insect visits.
Corolla. The corolla has five petals that form a functional tube enclosed by the elongated tubular calyx. All populations showed similar petal colours.
Vexillum. The vexillum is pale purple (Munsell chart: 5 RP 7/4) and has a yellow mark band (2 . 5 Y 8/8) of approximately 9 mm in length at the base of the blade; the yellow markings on flowers at the Vaqueros site have blue-green margins (5 BG 3/4; see Fig. 1 ). In the same area, a tactile guide is present. This guide consists of two prominent ridges ( Fig. 2A, arrows) that firmly clasp the free stamen, closing the nectar entrance. This configuration blocks access to the nectar from the sides (Fig. 2B) .
Wings. The wings show a curvature that positions them in a transversal orientation (Fig. 1, rw-lw) . They are purple (5 RP 6/4) on the outermost sides and white (5 RP 3/8) on the inner ones. The left wing lies at the lower side of the flower where it functions as a landing platform for visitors. On the proximal part of the blades, both wings have transversal puckerings (Fig. 2D) . Histologically, the epidermal cells located on the crests have alternate cuticular striations, which are absent in the 'valleys' (Fig. 3A, B) . This structure provides a foothold for the visitors and also a tactile guide to the nectar.
Keel. The keel (Fig. 1K) is formed by two white-coloured petals. The distal portion of the keel petals narrow abruptly, enclosing the style and the distal part of the androecium. This portion is coiled and forms the rostrum of the keel (Fig. 2C, E) . The mean number of revolutions differed significantly among populations (H ¼ 22 . 86, P ¼ 0 . 001; Fig. 4) . The populations at Betania (4 . 7 revolutions) and Calilegua (4 . 9 revolutions) showed significantly higher values than the other populations. Quijano had the highest variation in revolutions (3 . 75-5 . 25). The keel petals are joined along their lower margins. From above the claws, the upper margins of the keel petals show rows of unicellular trichomes (Fig. 2C) , which interdigitate in the distal part (last revolution of the keel). These trichomes close the keel except at the very tip, leaving a small opening (Fig. 2E) . In this way, a secluded space is created for the accumulation of pollen, which is exposed only during an insect's visit. During their visits, bees lower the left wing, inducing the emergence of the stigma and the stylar brush charged with pollen (Fig. 2E) .
Androecium. The androecium has ten stamens; nine of them are fused proximally and the tenth remains free. The filament of the tenth stamen is basally widened, and has a protuberance that fits into the vexillar channel (Fig. 2B) . The base of the filament is narrow, leaving space for two entrances to the nectar chamber (Fig. 2F) . Anther dehiscence occurs at or near anthesis and all of the pollen is trapped between the trichomes of the stylar brush. Gynoecium. The distal segment of the style is coiled with the same number of revolutions as the keel. Totally expanded, the style reaches up to 85 mm in length. There is a ring of non-receptive unicellular hairs surrounding the stigma (Fig. 3C) , which probably prevents contact between a flower's own pollen mass and the stigma. SEM micrographs show the stigmatic surface to be covered by a 'membrane' (the cuticle of the stigmatic epidermis), which prevents self-pollen germination by holding the secretory products of the stigma (Fig. 3C, arrow) . This membrane is disrupted only by tripping, allowing the pollen to contact the stigmatic fluid and germinate. In unvisited flowers the peroxidase test was negative throughout the floral cycle; the stigma reacted only after rubbing the membrane artificially. The pollen is presented to pollinators by the stylar trichomes (9 mm long) located below the stigma, which are exposed during visits ('brush' pollination mechanism; Fig. 3D ).
Phenology of flowering and visitation
The floral span was 12 h with anthesis beginning just before sunrise (0700 h). All available pollen is deposited in the stylar brush and many visits are needed for the complete removal of pollen, because of the dispensing mechanism. Flower received a mean of 15 visits by Bombus morio workers (the main pollinator of V. caracalla in all populations) during its anthesis. These visits occurred from 0700 h to 18-1900 h. At the end of anthesis the flowers turned dull yellow, no rewards remained and the stigmas were pollinated. In the La Caldera population, the stigmatic pollen load of open-pollinated flowers was 206 . 7 + 54 . 88 (+ s.e., n ¼ 25). The visitors systematically rejected these flowers.
A strong, sweetish scent was released during the entire floral life with a peak between 1200 h to 1500 h.
Olfactory tests pointed to the vexillum and (with less intensity) the wings as the sites of odour emission; neutral red solution stained only the margin of the vexillum blade (4-5 mm width).
Visitor assemblage
Ten different visitors were recorded (Table 2) , among which only Bombus morio (queen and workers; Fig. 5A ), Xylocopa eximia (Fig. 5B) , Centris bicolor (Fig. 5C ) and Eufriesea mariana (Apidae) activated the pollination mechanism and always carried pollen of V. caracalla on the upper-right area of the pronotum. Since these visitors touched the stigma with their body parts where pollen of V. caracalla was deposited, they were considered as pollinators. Xylocopa eximia carried a much higher quantity of pollen grains when compared to B. morio workers (78 125 + 6467 vs. 11 458 + 1577, respectively). Differences were also found in pollinator efficiency: the number of pollen grains deposited on stigmas in a single visit was 25 . 3 + 2 . 07 (n ¼ 9) for X. eximia and 11 . 9 + 0 . 78 (n ¼ 11) for B. morio workers.
Apis mellifera and one species of Meliponini (Fig. 5D ) were pollen robbers, and two species of Lepidoptera were nectar robbers. The robbers were small, unable to trigger the pollination mechanism and never touched the stigma. Two species of ants (Formicidae) were present, one species of which was observed in all populations visiting the extrafloral nectary situated in the secondary axis of the inflorescence. These visits were observed from anthesis to fructification. The other ant species was a floral predator present in all populations.
All of the pollinators cited have a large body size (14 . 8-24 . 5 mm) and large proboscis (10 . 9-15 . 5 mm; Table 3 ). The biggest pollinators were B. morio queens and Xylocopa eximia, and the smallest was C. bicolor. Among all the 
þ, recorded at the population; -, not recorded at the population.
observed pollinators, B. morio queens and X. eximia showed the best correspondence with the nectary depth of the flowers of V. caracalla (overall mean 18 . 06 + 3 . 39) All five species of pollinators were present at the Calilegua population. Three species were present at La Caldera and Betania, two in Vaqueros, and only one species was recorded at Campo Quijano. Bombus morio queens were observed only at Calilegua. Xylocopa eximia was present in all populations except Campo Quijano. Bombus morio workers were the only pollinator present in all populations (Table 2) .
Pollinator activity
The most frequent pollinators in all populations were B. morio workers ( Table 2 ). The proportions of visits of B. morio workers were: Campo Quijano, 100 %; Calilegua, 90 . 6 %; La Caldera, 91 . 6 %; Vaqueros, 95 . 6 %; and Betania 93 . 2 %. The next most important pollinator was Xylocopa eximia, with 4 . 7 to 6 . 8 %. Bombus morio queens, C. bicolor and E. mariana were present at very low proportions (1 . 3-2 %).
The values of PSI varied between 0 . 906 (Campo Quijano -La Caldera, 150 km) and 0 . 960 (Vaqueros -La Caldera, 12 km), indicating that the pairs of populations analysed were similar in composition and proportion of pollinator species.
Visitation rates for B. morio at each population site were significantly different (H ¼ 13 . 48, d.f. ¼ 4, P ¼ 0 . 009) and consistently decreased with decreasing site elevation (Fig. 6) .
The mean duration of flower visits by X. eximia was approximately twice that of B. morio workers within the Vaqueros population (37 . 44 + 7 . 77 vs. 18 . 72 + 1 . 63; t ¼ 22 . 35, d.f. ¼ 87, P ¼ 0 . 044).
Mating system
The results of the mating system experiments are presented in Table 4 . In general, the control treatment (free pollination) yielded less fruit than the other treatments. In the apomixis treatment none of the flowers set fruit; therefore, the possibility of asexual reproduction was discarded. In Campo Quijano, some flowers set fruits through autonomous self-pollination, although in a very low proportion (Table 4 ). In the other populations, plants were not capable of autogamous pollination and were entirely dependent upon pollinators for reproductive success. The lowest and highest reproductive success for both control and handcross-pollination treatments were recorded at Campo Quijano and La Caldera, respectively. Cross-pollination by hand set between 2 . 9 (Campo Quijano) and 5 . 3 (Vaqueros) times more fruits than their respective controls.
Fruit set from cross-pollination was significantly higher than that obtained through self-pollination by hand, except at Campo Quijano where self-pollination set more fruits than outcrossing (Table 5) .
Self-compatibility indices (SCI) indicated that all of the populations were self-compatible (Table 5) ; Campo Quijano exhibited the highest SCI.
Relative reproductive success (RRS)
There were significant differences in RRS (H ¼ 22 . 16; d.f. ¼ 4, P , 0 . 0001) among the five populations, although the differences were not related to site elevation (Table 6) . Relative reproductive success was significantly lower for Campo Quijano in comparison with the other populations, which were statistically similar.
DISCUSSION
The flower of Vigna caracalla has remarkable and unique morphological features making it arguably the most Values are mean + s.e. n ¼ 4, except for Bombus morio workers, n ¼7. Values are means + s.e. Different letters indicate significant differences among populations (P , 0 . 05).
complex flower in the Papilionoideae. These features are closely matched to those of large-bodied, long-tongued bees, while forming impediments to some small visitors such as Apis mellifera and Meliponini. This finding supports the hypothesis that floral complexity may reflect selection to narrower functional groups of pollinators (Fenster et al., 2004) .
The thickness and shape of sepals and petals, and the joint function of keel-wings and the vexillum -androecium, are directly related to the size of the pollinators of V. caracalla. Wing sculpturing, also present in V. vexillata (Hedstrom and Thulin, 1986) , provides a resistant surface to visitors and also functions as a nectar-guide because it is orientated towards the nectary, as suggested by Etcheverry (2001a) for Crotalaria spp. (Papilionoideae).
In relation to floral asymmetry, the results support the hypothesis of Endress (1999 Endress ( , 2001 ) that large bees are the main pollinators of asymmetrical flowers. This conclusion has also been drawn for some asymmetrical flowers of the Tribe Phaseoleae, for example Phaseolus coccineus (Búrquez and Sarukhán, 1980) , Macroptilium erythroloma (Etcheverry et al., 1999) , V. vexillata (Hedstrom and Thulin, 1986) and V. longifolia .
With respect to the revolutions of the keel, Faegri and van der Pijl (1979) speculated that more revolutions and complexity in the flowers of V. caracalla would result in loss of floral functionality and a tendency towards autogamy. However, in all of the populations in the present study the flowers functioned independently of the number of revolutions of the keel, and the site of pollen deposition was always in the upper-right area of the pronotum of the insects. The revolutions of the keel are also observed in the style; as a consequence the style is very long (85 mm), exceeding the maximum values reported by Shivanna and Owens (1989) in their review of Papilionoideae (max. 30-60 mm in Arachis). Mulcahy (1979) noted that the angiosperm style provides a selective arena in which a 'sieving' mechanism occurs, that is, deleterious mutations might retard pollen-tube growth and thereby be eliminated from the gene pool. For example, Malti and Shivanna (1985) and Snow and Spira (1991) have presented experimental evidence for such a selective function in Crotalaria retusa and Hibiscus moscheutos, respectively.
The pollination mechanism employed by V. caracalla is complex and precise, and constitutes a significant example of adaptation. Considering the site of pollen placement, V. caracalla is nototribic, and as such constitutes a variation from sternotriby, which is typical of zygomorphic Papilionoideae. This characteristic has been reported for other asymmetric species of Vigna with spiral keels, such as V. vexillata (Hedstrom and Thulin, 1986) and V. longifolia . The dominant mode of pollination of Papilionoideae at the Vaqueros site was sternotribic (A. V. Etcheverry, unpubl. res.) , for example in Cologania ovalifolia, Crotalaria spp., Desmodium spp., Galactia latisiliqua, Rynchosia edulis and Zornia contorta. These sympatric taxa bloom simultaneously with V. caracalla and several of them share visits by Bombus morio workers. The observed variation in pollen placement is probably related to a mechanism for minimizing the deposition of heterospecific pollen, as Nilsson (1987) and Pauw (2006) suggested for sympatric orchids in Madagascar and in South Africa, respectively.
Considering the relationship between floral morphology and breeding system, Lloyd and Schoen (1992) concluded that families characterized by specialized pollination mechanisms, such as Papilionoideae, have undergone natural selection promoting cross-pollination. Vigna caracalla is self-compatible, but depends on pollinators to set seeds. Two structural features of the gynoecium are related to the mating system: the stigmatic 'membrane' and the collar of peristigmatic hairs. The stigmatic membrane prevents autonomous self-pollination, and as a consequence V. caracalla requires 'tripping' (sensu Arroyo, 1981) for effective pollination. This membrane was reported to be present in seven tribes of Papilionoideae, among them Phaseoleae (Shivanna and Owens, 1989) . Within Vigna, this membrane has been reported in V. adenantha (Castro and Agulló, 1998) . In the Campo Quijano population, autonomous self-pollination may occur by spontaneous rupture of the stigmatic membrane. Other Papilionoideae such as Vicia faba (Lord and Heslop-Harrison, 1984) and Medicago scutellata (Kreitner and Sorensen, 1985) have a similar structure that prevents self-fertilization, but autofertile lines have thin cuticles allowing spontaneous disruption and self-fertilization. The occurrence of peristigmatic hairs may maximize outcrossing by preventing self-pollen deposition on the stigmas during the first stages of anthesis. Similar observations have been reported for other Papilionoideae legumes, such as Phaseolus coccineus (Ibrahim and Coyne, 1975) , Lupinus nanus subsp. latifolius (Juncosa and Webster, 1989) , Crotalaria stipularia (Etcheverry, 2001b) and Crotalaria micans (Etcheverry et al., 2003) .
In terms of pollinator activity, Campo Quijano had the highest rate of visits by B. morio workers, but this was not reflected in the production of fruit and seeds. Visitation rate alone is not a good indicator of reproductive success; McDade and Davidar (1984) found a correlation of only 0 . 065 between visitation rate and seed production for Pavonia dasypetala (Malvaceae), and Schemske and Horvitz (1984) and Horvitz and Schemske (1990) showed that the most abundant pollinator of Calathea ovandensis was not the most efficient. These latter two authors concluded that fruit production was related to efficiency in floral manipulation.
Regarding the efficiency of the most frequent pollinators, Xylocopa eximia carried and deposited more pollen after single visits than did B. morio workers. In addition, the duration of visits of X. eximia was longer, a characteristic that Harder (1990) and Thomson (1986) suggest increases pollen deposition on stigmas. The most effective pollinator is determined by the frequency and ability to affect fruit set (Stebbins, 1970) . In all populations the most abundant pollinators were B. morio workers, which are generalists and have the shortest proboscides of the observed pollinators. Thomson (2003) showed that different members of a functional group of pollinators can vary greatly in their effectiveness because of differences in behaviour and morphology. Moreover, some may actually decrease the fitness of a plant by wasting pollen or by decreasing the number of visits by more effective pollinators. We conclude that the activity of X. eximia is important to the reproductive success of V. caracalla and this species is probably the most reliable pollinator.
Low reproductive success seems to be a general phenomenon in V. caracalla, because it was markedly low in the five studied populations. The maximum fruit^:^flower ratio observed in this study (14 %, La Caldera) is well below the mean value for self-compatible hermaphroditic species (72 %; Sutherland and Delph, 1984) . Lee (1988) and Guitián et al. (1996) proposed several factors that may limit fruit production, including extrinsic causes ( pollen limitation, herbivory, frost, etc) and intrinsic causes (genotypes, stored resource content, etc.). The fact that fruit set is limited by one or more of these factors is relevant to several aspects of reproductive biology, including the evolution of breeding systems and floral displays (Knight et al., 2005 , and references therein). The most common factor reported in the literature is resource limitation (e.g. Stephenson, 1981; Berjano et al., 2006) . However, the distinction between pollen and resource limitation is not clear because these factors are complex and interrelated (Lee, 1988 , and references therein). Several hypotheses have been proposed to assign a role to these 'extra' flowers (Sutherland, 1987; Bertin, 1988; Ehrlén, 1991) . These include pollinator attraction, bet-hedging against temporal or spatial variation in pollinator abundance, selective abortion, reserves of ovaries and pollen export. Bearing in mind that these hypotheses are not mutually exclusive (Stephenson, 1981; Guitián, 1993) our results are compatible with the reserve-ovary hypothesis (Ehrlén, 1991) . This postulates that surplus flowers constitute an ovary reserve in case of flower mortality. Inflorescences of V. caracalla in which a proportion of flowers are lost due to extrinsic factors (e.g. herbivory by ants) are able to maintain fruit-set levels by allowing the development of flowers that would otherwise be aborted. Guitián et al. (1996) arrived at similar conclusions in their study of Cornus sanguinea (Cornaceae).
The low reproductive success of V. caracalla in the studied populations may reflect the lack of the primary specialized pollinator(s), as has been observed in other species with showy, complex flowers, for example the orchid Oeceoclades maculata (González-Díaz and Ackerman, 1988) and the ginger Caulokaempferia coenobialis (Wang et al., 2004) .
The greatest level of self-compatibility and autonomous self-pollination, and the lowest reproductive success and number of pollinators (B. morio workers only) was found in the highest-elevation population. The evolution of selffertilization from outcrossing, one of the most common evolutionary transitions in plants, has occurred in many taxonomic groups (Stebbins, 1970; Wyatt, 1983; Barrett, 2002) . Recently, Fenster and Martén-Rodriguez (2007) demonstrated in a survey of 38 plant families, including Papilionoideae, that pollination specialization is often associated with floral traits that facilitate autonomous selfing.
Abiotic and biotic ecological factors can influence mating-system evolution and the degree of self-pollination expressed by individual plants. Pollinator limitation, in numbers or in species, favour shifts from outcrossing to autonomous self-fertilization because selfed-seeds provide reproductive assurance (Baker, 1955; Wyatt, 1986; Inoue et al., 1996; Kalisz and Vogler, 2003; Berjano et al., 2006 ; but see Herrera et al., 2001) . We consider this transition to be occurring in the peripheral population of V. caracalla.
Concluding remarks
Regional variation in population characteristics may set the stage for evolutionary differentiation in reproductive traits across the geographic range of a species. As expected, the peripheral population had the greatest level of selfcompatibility and autonomous self-pollination, and the lowest reproductive success and number of pollinators. There is a considerable interest in understanding geographic variation in floral visitors, reproductive traits and their interactions based on the geographic mosaic model proposed by Thompson (1994 Thompson ( , 1997 ; however, to date few empirical studies have attempted to test this model.
